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Project Overview

@ Project Title
» Petascale Direct Numerical Simulations of Turbulent Channel Flow

@ Goal
» Expand our understand of wall-bounded turbulence

@ Personnel

P.I. : Robert Moser

» Primary Developer : M.K.Lee

» Software Engineering Support : Nicholas Malaya
» Catalyst : Ramesh Balakrishnan
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Overlap Region

Near-Wall region

Overlap

Wall

Outer region

@ Connection between near-wall region and outer region

@ Not understood as well as near-wall region
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History
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Re, = 180 : Kim, Moin & Moser, 1987

Re, =590 : Moser, Kim & Mansour, 1999

Re, = 940 : Del Alamo, Jiménez, Zandonade & Moser, 2004
Re, = 2003 : Hoya & Jiménez, 2006
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Computation of Overlap Region

High Reynolds(Re) number is required to obtain logarithmic layer.

Even with existing channel flow DNS data at the high Re,
Re, ~ 2000, the region of log layer is small.

To expand our understanding of log layer, DNS data at
Re, > 4000 ~ 5000 is required.

Cost scales with Re®
Simulation at high Re is limited by computational power.

BG/Q enable us to simulate such a high  Re flow
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Simulation Geometry

@ Flow between two infinite parallel plates

@ Re, ~ 5000

@ Periodic boundary conditions in streamwise / spanwise directions
@ No slip, no mass flux boundary conditions at wall
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Simulation Geometry

25| z
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@ Nx = 15,360 (Uniform) - DFT

@ Ny = 1,536 (Stretched, wall-denser) - B-Spline
® Nz = 11,520 (Uniform) - DFT

@ 270 billion points x 5 fields
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Formulation (Kim, Moin & Moser, 1987)

%__a_P_i_H._i_Vazui %_
ot OXi ! an 8Xj’ 8Xj N
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where

ov
¢ = Vv, Atwall wy, =0, V:W:
hy = 2H1 _ OHs _PHp  OPHp  PHy  9PHg
97 0z ox’ Y 9x2 ' 9z2  Oxdy Oyoz

@ Time discretization : Implicit/Explicit Low-Storage RK3 method
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Simulation Process - Pencil Decomposition
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X-Pencil Z-Pencil Y-Pencil

Forward DFT Transpose Forward DFT Transpose
(R2C, x) (x to z) (C2C, 2) (ztoy)
Nonlinear
solve s Eq
Inverse DFT Transpose Inverse DFT Transpose | /0 |
(C2R, x) (z to x) (c2¢, 2) (y toz) | |
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For one time step

* 8 Racks, 1 MPI task/node
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Data Transpose

@ Sequential data alignment is necessary for DFT and solving linear
equations

@ 3D version of All-to-All communication
@ FFTW 3.3 library

Data Shuffling MPI Communication Data Shuffling
(Communication Packet) (Data Alignment)

@ MPI Task per node : 1 «— 64
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Sub-Communicator

ndinms = 2 ! Deconposed by 2 direction (a.k.a. pencil deconposition)

periods(1l) = .false. ! no periodicity
periods(2) = .false. ! no periodicity
reorder = .false.

cal |l npi_cart_create(MPI _COVM WORLD, ndi ns, di nsi ze &
, peri ods, reorder, COWRD, i err)
cal |l npi _comm rank( COMMRD, r ank2D; i err)

I Create Communicator in 1st direction

bel ongs(1) = .true.

bel ongs(2) = .fal se.

cal |l npi_cart_sub(COWRD, bel ongs, COWMLDA, i err)

I Create Communicator in 2nd direction

bel ongs(1) = .fal se.

bel ongs(2) = .true.

cal |l npi_cart_sub(COWRD, bel ongs, COWMLDB, i err)

! Nunber of tasks in each direction
nprocsl1DA = di nsi ze(1)

nprocsl1DB = di nmsi ze(2)

cal | npi _comm rank( COWLDA, nyr ankA, i err)
cal | npi _comm rank( COWLDB, nyr ankB, i err)
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Communication Pattern

RECV
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Sub Comm. A
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SEND Sub Comm. B

@ e.g. 128 MPI tasks = 16 x 8
@ Sub Comm. A — Black / Sub Comm. B — Red
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Communication
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Communication - Performance Tips

@ SubComm. - Do Not Mess With Torus Boundaries
e.g. 512 Node : <4,4,4,4,2,a>

a: number of MPI tasks per node

Good : 64x 8a = (4x4x4) x (4x2xa)

Bad : 32x 16a = (4x4x2) x (2x4x2xa)

vV vy VvYy

@ Generally, best performance with one subcommunicator for a
midplane (512 Nodes)

@ When changing mapping order (e.g. ABCDET to TECDBA),
be sure reorder is off .

@ For more information: (REDBOOK) IBM System Blue Gene
Solution: Blue Gene/Q Application Development

» Appendix A Mapping
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Data Shuffling

@ Necessary procedure for the data alignment after communication

! Nice Menory Access
do k = 1,nc
doj =1,nb
doi =1,na
B(:,j,k, i) = A(:,i,j,k)
enddo
enddo
enddo

! Ugly Menory Access (Unavoi dabl e)
doj =1,nb
do k = 1,nc
doi =1,na
do!l =1,nd
B(i,j,k, 1) = A(l,i, k,j)
enddo
enddo
enddo
enddo
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Data Shuffling
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Data Shuffling
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* Maximum DDR Traffic ~ 18 Byte/cycle
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Data Shuffling - Performance Tips

@ Try to make sequential memory access at stride 1
» Most of data load hit in L1D Cache or L1P prefetch (~99%)

@ Make sequential memory access for data load rather than data
write when you have to choose one of them

@ Using hardware threads does not guarantee better performance
when DDR traffic is saturated

@ Compiling with SIMD flags does not guarantee better performance
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Transpose = Data Shuffling + Communication
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Solving Linear Equations : AXx = b

@ In Y-direction, B-Spline with Non-periodic boundary condition
@ A matrix
» Banded matrix with additional components near the wall

11
T
T
I}

I

I 1

Original Full Matrix Banded Matrix Form Compact Matrix Form

@ Conventional LAPACK library - ZGBTRF / ZGBTRS
» ESSL does not support it
» MKL-intel, Netlib
* When x and b are complex vector, A has to be a complex matrix
* Need more memory allocation / operation on unnecessary portions
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Solving Linear Equations : AXx = b

@ Hand Loop-Unrolling : Maximize cache memory efficiency

dumy = 1.d0 / A(m 2)

A(m+1,2) = dumy * (A(m+l,2) - A(m1,2) = A(m2,1))
A(m+2,2) = dummy * (A(m+2,2) - A(m1,2) + A(m1,1))
A(m2,2) = dumy * (A(m2,2) - A(m1,2) ~ A(m2,1))

dummy = 1.d0 / A(m n-2*bw+2)

A(m+l, n- 2xbw+2) = dummy * (A(mt1, n- 2xbwt2) &
- A(m1, n-2xbw+2) * A(mt2, n-2xbwtl))

A(mt2, n-2xbw+2) = dummy *  A(m+2, n- 2* bw+2)

A(M 2, n-2¢bwt9) = A(m 2, n- 2« bw+9)

A(m 3, n- 2xbw+9)
A(m 4, n- 2xbw+9)
A(m 5, n- 2« bw+9)
A(m 6, n- 2xbw+9)
A(m 7, n- 2xbw+9)
A(mt+6, n- 2x bw+9)

EE I

A(mtl, n- 2« bwt+6)
A(mt2, n- 2x bwt5)
A(mt3, n- 2« bw+4)
A(mt4, n- 2« bw+3)
A(mt5, n- 2x bw+2)
A(mt6, n- 2« bw+1)

A(Mmt7, n-2xbw+9) * A(m+7, n- 2« bw}
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Solving Linear Equations : Ax = b, Ny = 1536

9 ‘ @—@ Customized
8 | #— LAPACK - NetLib|
7
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6 N ~ e
o N o«
25
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| | | | | |
0 7 9 11 13 15
Bandwidth of A

@ Normalized by elapsed time using NetLib Lapack
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Solving Linear Equations : Ax = b, Ny = 1536

14

12

10

o]

Speed Up
()]

T
@—@® Customized

B LAPACK - Intel MKL
44— LAPACK - NetLib

7 9 11 13 15
Bandwidth of A

@ Normalized by elapsed time using NetLib Lapack
@ Intel Xeon 5680, Lonestar, Texas Advanced Computing Center
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Threading

After data transpose (with nice data alignment),
@ Discrete Fourier Transform
» FFTW
@ Solving Navier-Stokes Eq

» After DFT in X and Z direction, the problem becomes One
dimensional PDE
> J/Ox — kg, 0/0z — ik,

@ Each data line is independent of the other data lines.
@ Feasible data structure for data parallelization (OpenMP)

7
s . .
_
//
OpenMP Thread
Entire Data 1 MPI task
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Threading Result (Discrete Fourier Transform)
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Threading Result (Solving Navier Stokes EQ)
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Threading - Performance Tips

@ Load Balance

1 $OVP PARALLEL DEFAULT( SHARED) PRI VATE(i,j)
1 $OVP DO SCHEDULE( STATI C)
do i=1, x_size

do j=1,y_size

o ' This is BAD

enddo
enddo
1 $OVP ENDDO
1 $OVP END PARALLEL

total _size = x_size * y_size ! (= 24x18 = 16x27)
| $OVP PARALLEL DEFAULT(SHARED) PRI VATE(i)
1 $OVP DO SCHEDULE( STATI C)
do i=1,total _size
. I This is GOOD
enddo
1 $OVP ENDDO
1 $OVP END PARALLEL
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Threading - Performance Tips

@ Memory Allocation / Access

conpl ex(C_DOUBLE_COWPLEX) :: U(ny, xsz, zsz,5)
real (C_DOUBLE), di mensi on(2+xbw+1, ny) :: DO, D1, D2

1 $OMP PARALLEL DEFAULT(SHARED) PRI VATE(i, ]|, k)
1 $OVP DO SCHEDULE( STATI C)
do i=1,n_total

k=mod(int(i-1),xsz) + 1

j = (i-1)/xsz + 1

call subroutineX(U(:,k,j,1),U(:,k,j,2),U:,k,j,3),&
U(:,k,j,4),U:,k,j,5),D0, D1, D2)

enddo
1 $OWP END DO
1 $OVP END PARALLEL

@ Every thread access to shared memories, DO, D1, D2
» Heavy memory contention
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Threading - Performance Tips

@ Memory Allocation / Access
» Avoiding memory contention by using FIRSTPRIVATE

conpl ex(C_DOUBLE_COWPLEX) :: U(ny, xsz, zsz,5)
real (C_DOUBLE), di mensi on(2xbw+1, ny) :: DO, D1, D2

1 $OMP PARALLEL DEFAULT(SHARED) PRIVATE(i,j, k) FIRSTPRI VATE(DO, D1, D2)
1 $OVP DO SCHEDULE( STATI )
do i=1,n_total
k=mod(int(i-1),xsz) + 1
j = (i-1)/xsz + 1
call subroutineX(U(:,k,j,1),U(:,k,j,2),U(:,k,j,3),&
u(:,k,j,4),U:,k,j,5),D0, D1, D2)
enddo
1 $OVP END DO
1 $OVP END PARALLEL

@ Better performance, but cost for allocation/deallocation
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Threading - Performance Tips

@ Memory Allocation / Access
» Try to allocate all required memory beforehand

conpl ex(C_DOUBLE_COWPLEX) :: U(ny, xsz, zsz,5)
real (C_DOUBLE), di mensi on(2xbw+1, ny, max_onp_nun) :: DO, D1, D2

1 $OVP PARALLEL DEFAULT(SHARED) PRI VATE(i,j,k,1)
| = onp_get_thread_nunm() + 1
1 $OWP DO SCHEDULE( STATI C)
do i=1,n_total
k=mod(int(i-1),xsz) + 1
j = (i-1)/xsz + 1
call subroutineX(U(:,k,j,1),U(:,k,j,2),U(:,k,j,3),&
u:,k,j,4),U:,k,j,5),D0(:,:,1), DI(:,:,1), D2(:,:,1))
enddo

1 $OMP END DO
1 $OMP END PARALLEL

@ Best performance !!
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Full Timestep Computation

100
e——e Hybrid (MPI + OpenMP)
S N =——=u MPIOnly
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@ 8 Racks : 100.8% parallel efficiency
@ 32 Racks : 92.3% parallel efficiency
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Summary and Future Work

@ Summary
» Achieved good scalability with hybrid parallelization

» Remarkable performance improvement with some code tuning
techniques

@ Future work
» Running code until it statistically converges

» Collecting statistical data

» Analyzing interaction between inner layer and outer layer
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THANK YOU!!
Questions?
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